[1] The relation between substorm occurrences, energetic particle injections, and HighIntensity Long-Duration Continuous AE Activity (HILDCAA) events has been an issue. To understand their relationship, we use global auroral images from the Wideband Imaging Camera (WIC) on the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) spacecraft to investigate auroral activity near the times of repetitive particle injections that occur every $0.5 to 4 h during HILDCAA events. For the examined HILDCAA intervals during January-July 2003, we identified a total of 481 injection events. Good WIC imaging was available for 121 of these and showed substorm onset brightenings for a significant fraction of the 121 injections. Specifically, excluding 16 injections with ambiguous timings owing to the lack of a near-midnight spacecraft, we find that 93 of 105 injections ($88%) occurred within ±5 min of a substorm auroral onset. If we include cases with up to 10-min timing difference, the percentage becomes 97%. These results indicate that a significant fraction of HILDCAA-time repetitive particle injections are substorm-associated and thus suggest that substorms are a major component of HILDCAA geomagnetic activity and a possible contributor to the sustained small negative Dst during these periods. 
Introduction
[2] High speed solar wind streams are known to emanate from solar coronal holes, which are well developed during the declining phase of the solar cycle. Large amplitude Alfvén waves in the interplanetary magnetic fields (IMF) are a characteristic feature of the coronal hole streams [Tsurutani et al., 1994] . The high-speed streams co-rotate with the coronal holes, leading to co-rotating interaction regions (CIRs; Smith and Wolfe [1976] ) as the high-speed streams interact with the slower solar wind streams ahead of them. Amplified Alfvén waves are observed within the CIRs [Tsurutani et al., 1995a] , leading to recurrent relatively small geomagnetic storms (Dst min > À100nT) owing to the enhanced southward IMF of the waves and the compressed solar wind plasma. The lengthy intervals of Alfvénic IMF within the high-speed streams following CIRs cause long-duration periods of high-intensity AE activity, which have been called ''HILDCAA (High-Intensity longDuration Continuous AE Activity)'' events [Tsurutani and Gonzales, 1987] . During this interval, energetic particle injections at energies of a few tens to hundreds of keV occur repetitively [e.g., Lee et al., 2006] .
[3] HILDCAA intervals are also characterized by prolonged small negative Dst, which can be viewed as a delay of storm recovery, but perhaps can better be viewed as a separate feature associated with high-speed streams that is not directly associated with the preceding storm. Understanding the physical cause for the prolonged small decrease in Dst index has been an issue. Tsurutani et al. [1995b] initially proposed that consecutive injections by substorms caused by Alfvénic IMF fluctuations were important. However, later Tsurutani et al. [2004] studied the relationship between AE and -AL increases and substorm onsets using POLAR UVI (Ultraviolet Imager) aurora images, and found a little (or no) correlation between them. One of the reasons for this is that the AE and AL indices are often not a good indicator of substorms, since they also respond to changes in convection that are not associated with substorms. They further suggest that enhanced inward convection by dawnto-dusk electric fields during the southward intervals of the Alfvénic IMF turnings could cause the repetitive particle injections and Dst decreases during HILDCAA intervals, and that ''the role of substorms in particle injections during HILDCAA events needs to be established''. The role of enhanced convection was also suggested by Søraas et al. [2004 Søraas et al. [ , 2005 and Sandanger et al. [2005] .
[4] The primary goal of the present study is to address the issue raised by the above authors of the role of substorms in HILDCAA-time energetic particle injections. We first identify particle injections that occur repetitively every $0.5 -4 h using geosynchronous electron flux data measured by the LANL satellites. We then use the global aurora images obtained by the Wideband Imaging Camera (WIC) onboard the IMAGE spacecraft to determine whether or not repetitive particle injections identified during the HILDCAA intervals are associated with classic substorm onset brightenings. The apogee of the IMAGE spacecraft, launched in March 2000 into a highly elliptical polar orbit with period of 14.14 h [Mende et al., 2000] , was no longer over the polar cap during 2003, which would be required for optimal auroral viewing. However, adequate viewing was found for 121 out of 481 identified repetitive injection events ($25%). Excluding 16 injections with ambiguous timings owing to a lack of a near-midnight spacecraft, we see a substorm onset brightening within ±5 min of the injection for 93, or 88% of the 105 injections, indicating that a significant fraction of HILDCAA-time repetitive particle injections are actually substorm-associated rather than due to enhanced convection, and thus suggesting that substorms are a major component of HILDCAA geomagnetic activity and a possible contributor to the sustained small negative Dst.
Alfvénic IMF and HILDCAA Intervals
[5] Well-formed recurrent high-speed solar wind streams occurred during 2003, as indicated by the gray areas in Figure 1 . Double peaks during some high-speed streams are attributed to their origin from two adjacent solar coronal holes. Also, peaks of solar wind number density usually appear in the front edge of the recurrent solar wind streams, followed by a sustained low solar wind number density within the body of the streams. Furthermore, interplanetary magnetic fields exhibit large amplitude Alfvénic fluctuations during the recurrent high-speed streams.
[6] Within the slow solar wind periods between the highspeed streams, there were some recurrent relatively slower streams (maximum V sw < $600km/s), identified by arrow in Figure 1 . These relatively slower streams are shorterlived than the higher-speed streams, but exhibit similar features in solar wind number density and IMF Bz, i.e., multiday intervals of the fast Alfvén waves in the IMF and sustained low solar wind number density are observed for both the fast and relatively slower recurrent solar wind streams, indicating that both types are coronal hole streams.
[7] The coronal hole maps in Figure 2 gives evidence for the coronal holes from which the high-speed streams emanated. Since the solar wind takes a few days to travel from the Sun to earth, the high-speed stream observed during 19-25 January are likely associated with the coronal holes that appeared on the front side of the Sun during 17-22 January, as displayed in Figure 2a . Similarly, the relatively slower stream for 4 -9 February likely comes from the coronal holes that faced the earth during 30 January to 3 February. All the coronal holes in the images in Figure 2a are associated with positive polarity (directed out of the Sun), while all of them in Figure 2b are negative polarity-coronal holes.
[8] Figure 3 shows solar wind variations along with the Dst and AE indices during May 2003. One can identify two intervals of large amplitude fast Alfvénic fluctuations in IMF Bz. Interval 1 is a typical high-speed solar wind stream (with maximum speed near 800 km/s), while interval 2 is a relatively slower solar wind stream. Interval 1 seems to consist of two separate high-speed streams whose overlap leads to the non-Alfvénic large south-north turnings of IMF Bz from $0700 UT on 9 May through $2400 UT on 10 May which cause the magnetic disturbance with Dst min = À84 nT at 0800 UT on 10 May. Except for that time period in interval 1, large amplitude Alfvénic IMF persists for more than 7 days prior to the trailing part of the fast stream.
[9] On the other hand, interval 2 begins at $0300 UT on 22 May and is not associated with a well-structured highspeed stream. It is instead associated with a slower stream with speed below $600 km/s for most of the interval. However, both intervals 1 and 2 exhibit large amplitude Alfvén waves in IMF Bz that may be associated with sustained small negative Dst of À25 nT throughout the intervals of Alfvénic IMF. As seen in the bottom panel of Figure 3 , the AE index is continuously variable and has enhanced averages of $518 nT for interval 1 and $419 nT for interval 2, which is a characteristic feature of HILDCAA events. Note that the AE index used in this study is the Quick-Look version which has been derived mainly for the purpose of monitoring without quality check on the data.
[10] Tsurutani and Gonzales [1987] originally identified HILDCAA events using characteristics of the AE index. However, they found a one-to-one relationship with interplanetary Alfvén waves, and Tsurutani et al. [2004] concluded that these waves were the cause of HILDCAA events. Since only the Quick-Look version of AE is available for the intervals studied here and a multiday period of small negative Dst accompanied by prolonged Alfvén waves in interplanetary magnetic fields is a clear feature of HILDCAA events, we identified HILDCAA intervals on the basis of Dst and IMF Bz data. A HILDCAA event is identified when Alfvén waves in IMF Bz continue to be observed for more than 2 days resulting in an unusually slow storm recovery or prolonged small negative Dst fluctuating within 0 to À50 nT with an average of about À25 nT. The average behavior of the Quick-Look AE index for our identified time intervals is found to be similar to that seen in other studies of HILDCAA events.
[11] Table 1 shows the HILDCAA intervals found for January -July 2003 and average values of relevant solar wind parameters and geomagnetic indices. The HILDCAA intervals given in Table 1 may include some excursions of non-Alfvénic large south -north IMF Bz turnings, such as occurred during interval 1 in Figure 3 , which must be excluded when analyzing HILDCAA events.
[12] While the HILDCAA intervals are associated with either fast or relatively slower solar wind streams, with maximum speed ranging from $856 km/s to $540 km/s, the associated variation of solar wind parameters and geomagnetic indices are not much different for the two types of streams, giving averages for all the HILDCAA intervals of $4.2 cm À3 for solar wind number density and of about À24 nT and $374 nT for Dst and AE, respectively.
Substorm Occurrences During HILDCAA Intervals
[13] One of the characteristics for HILDCAA intervals is the occurrence of repetitive particle injections. Figure 4 shows an example of such observations for 5 -16 May in which electron flux increases occur repetitively every $0.5 to 4 h at geosynchronous region. The repetitive electron injections begin to appear at 1200 UT on 5 May and continue until the end of 15 May. This time period corresponds to interval 1 in Figure 3 , so that the repetitive electron injections take place while the large amplitude Alfvén waves prevail in the interplanetary magnetic fields. In fact, recently Lee et al. [2006] have found that a significant portion ($63.5%) of their surveyed particle injections during 2003 were associated with the repetitive northward turnings of the Alfvénic IMF. We next present three example intervals when global aurora images by the IMAGE spacecraft are available for several consecutive electron injection events.
Example of 7 May
[14] Figure 5 displays the repetitive particle injections on 7 May measured by six different LANL satellites. A total of 12 injections were identified, as indicated by both dashed and solid vertical lines. These injections all exhibit a typical substorm signature, i.e., a sharp flux increase first appears near local midnight for all energy channels followed by energy-dispersed increases at other local times owing to magnetic drift. For this example interval, discernable aurora images are available for 5 of the injections, as indicated by solid lines and labeled as I1 to I5.
[15] The WIC on the IMAGE spacecraft reveal that all the five particle injections take place in association with substorm onset brightenings. WIC is part of the IMAGE FUV instruments [Frey et al., 2004] . It was designed to image the aurora with a passband of 140 -180 nm covering emissions from N 2 LBH-band and atomic NI lines. It observes the aurora for 5 -10 s during every 123 s spin period. Figures  6a -6e show WIC images near the injections I1 to I5, respectively, in an MLT-invariant latitude polar grid with latitude circles at every 10°. MLT increases counterclockwise with midnight at the bottom of each image. Table 2 shows the times of some particle injections and their associated aurora onsets observed by IMAGE WIC instrument for 7 May and the two other example intervals discussed below.
[16] The first sharp and dispersionless electron flux enhancement is detected at $0147 UT near midnight by LANL 1990 -095 satellite as plotted in the bottom panel of Figure 5 . About 3 min prior to this injection I1, a weak substorm onset brightening appears near local midnight ($22.5 MLT) as seen in the 0144:25 UT image in Figure 6a . Then the enhanced aurora expands poleward as well as azimuthally over the next $6 min before it begins to fade out at $0150 UT. For this substorm, the maximum azimuthal coverage of the aurora bulge reaches only $3 h of MLT.
[17] Injection I2 was quite small, but there is some evidence for an onset auroral brightening a little before $22 MLT in the 0250:15 UT image and expansion of the enhanced aurora in the following image in Figure 6b . The auroral onset is clear in the 0406:22 UT image for I3, and the brightening precedes the electron injections by 2 -3 min. Formation of an aurora bulge covering the region of $19-21 MLT is clear in Figure 6c . Associated with I4, a rather strong onset brightening is observed at $24 MLT in the 0441:19 UT image in Figure 6d , which is about 4 min prior to the particle injection. The region of expansion phase auroral enhancements spreads poleward and azimuthally, covering $6 h of MLT. Again, associated with the injection I5, substorm onset brightening is seen in the region between 23 and 24 MLT in the 1729:15 UT image of Figure 6e . The enhanced aurora expands poleward and azimuthally over the next $12 min with the maximum azimuthal coverage of $3 h of MLT around midnight.
[18] For the injection events where IMAGE aurora data are not available, we can use other substorm signatures, such as pi2 pulsations and positive H-bays, etc, to identify a substorm onset. For example, nightside magnetic field dipolarizations can be utilized to identify a substorm onset for the two injections at 0700 UT and 1006 UT on 7 May. Figure 7 shows the magnetic field components and elevation angle measured by the GOES 10 geosynchronous satellite for the time interval covering the two injections. The magnetic field elevation angle decreased until $0700 UT, reaching about 10°, indicating that the field line became highly stretched. Then a strong dipolarization with the elevation angle reaching $60°followed as a result of the substorm onset. The second dipolarization, which is relatively gradual, is likely associated with a substorm onset at $1005 UT that lead to the particle injection at $1006 UT. These examples show that an examination of various substorm signatures would be expected to lead to identification of more substorm-associated repetitive particle injections. However, since we have many events with good auroral images observed by WIC, we limit the present study to such events and determine whether or not the injections have the classic auroral substorm signature, which is clearly the case for the injections I1 to I5 on 7 May.
Example of 24 June
[19] We identify 8 particle injection events, including the one at $2105 UT on 24 June, where sharp flux enhancements at all energy channels are observed near midnight as presented in Figure 8 . The first seven injections, designated by solid and dashed vertical lines, occur repetitively every $1 -3.5 h. Good WIC imaging is available for the 5 injection events labeled as I1 to I5, as displayed in Figures 9a-9e , respectively.
[20] WIC images in Figures 9a -9c show an onset brightening near 24 MLT in the 0138:59 UT image for I1, in the 0322:00 UT image for I2 and in the 0442:21 image for I3, respectively, all of which are $3 min prior to each injection. The enhanced aurora region expands azimuthally and poleward for the following 12 to 17 min, covering 3 -5 h of MLT until the auroral enhancements fade out. Associated with I4, a relatively weak onset brightening is seen near midnight in the 0831:35 UT images in Figure 9d , which is also $3 min prior to the injection. Then the enhanced aurora expands poleward as well as azimuthally, reaching a rather large MLT extent of about 6 h as seen in the 0850:06 UT image before it fades out. Similar aurora activity is observed for I5. About 5 min prior to the injection, onset brightening is clear in the premidnight sector as shown in the 1159:36 UT image of Figure 9e . After onset, a typical auroral bulge forms covering the region of $21 -02 MLT for the next 12 min.
[21] Again, although our primary goal is to determine whether or not the auroral features associated with injections are of substorm type, it is worthy to note that another substorm indicator shows a substorm onset signature for the injection event at 0705 UT (first dashed line in Figure 7 ) when the look-direction of the IMAGE spacecraft was not good as it was moving from the northern to southern hemisphere. Figure 10 displays pi2 pulsations in the magnetic H-component from the ground station in Kakioka. The Kakioka station is located at geomagnetic latitude 27.18°w
ith local noon at 0300 UT. The intensified pi2 pulsations around $0705 UT and $0827 UT can indicate substorm onsets that relate to the particle injection at 0705 and 0828 UT, respectively. Also, for the injection at $1242 UT as seen by LANL-97A, preceded by a much weaker injection signature at 1229 UT seen by LANL 1991-080, we have confirmed that the ground magnetic data at stations on the nightside show the positive and negative bays associated with the substorm current wedge formation, and the GOES 10 magnetic field observation reveals a clear dipolarization at $1226 UT (data not shown). Thus for 24 June, all the repetitive injections are identified as substorm-associated.
Example of 31 July
[22] The five consecutive particle injections, I1 to I5, on 31 July in Figure 11 are also associated with typical substorms, as demonstrated in Figure 12 . WIC images in Figures 12a -12e show the onset brightening on the nightside in the 0248:30 UT image for I1 (injection at 0251 UT), in the 0340:04 UT image for I2 (injection at 0343 UT), in the 0423:20 UT image for I3 (injection at 0421 UT), in the 0535:28 UT image for I4 (injection at 0539 UT), and in the 0655:51 UT image for I5 (injection at 0656 UT), respectively. For each of these onsets, the next image after the onset displayed in Figure 12 indicates the development of a typical substorm bulge for the next 4 -14 min. Then the aurora enhancements fade out indicating the substorm recovery phase. Thus, all the five injections are associated with typical auroral substorms, accompanying onset auroral brightenings within < 5 min.
Statistical Results
[23] In order to obtain statistical results, we examined auroral activity for repetitive particle injections during the Figure 5 . Solid lines, labeled as I1 to I5, denote the injection events for which IMAGE aurora data are available to identify a substorm onset, while no IMAGE aurora data available for the injections is denoted by dashed lines. (For reference, injection times are 0135 UT for I1, 0325 UT for I2, 0445 UT for I3 (0705:24), 0828 UT for I4, and 1154 UT for I5.)
HILDCAA intervals listed in Table 1 . For those intervals, we identified a total of 481 repetitive injections. Examination of the summary WIC plots, provided on http:// sprg.ssl.berkeley.edu/image, showed that aurora images with nightside viewing adequate for identifying substorm intensifications were available for 121 events out of 481 repetitive injections. For 16 events out of the 121 events, determination of a precise injection time is ambiguous because of the lack of a near-midnight spacecraft, which makes it not possible for us to determine the temporal association of the injections with substorm auroral brightening with confidence. This left us with a total of 105 injection events for comparison with the auroral data.
[24] To identify substorm association of these injection events we have referred to the substorm onset list by Frey and Mende [2006] , while examining high-resolution WIC images only when some auroral brightenings are seen in the summary WIC plots for injection events which are not on the Frey and Mende list. Their criterion for the substorm onset identification is as follows: (1) a clear local brightening of aurora has to take place; (2) the aurora has to expand to the poleward boundary of the auroral oval and spread azimuthally in local time for at least 20 min; and (3) a substorm onset is accepted as a separate event only when it occurs at least 30 min. after the previous onset.
[25] With the substorm onset list by Frey and Mende we found that 96 out of the 105 injections are accompanied by an auroral substorm onset within some separation time. Specifically, 87 repetitive injections occurred within ±5 min of the onset brightening. For 9 injections, a brightening was observed between 5 and 10 min of the particle injections. We examined high-resolution WIC images for the remaining 9 of the 105 injections and found that there was increased auroral activity, though the activity did not meet the criteria for substorm onset identification used by Frey and Mende [2006] . Some examples are presented in Figures 6d, 9c , and 12c. We identified a quite clear nightside substorm auroral brightening in the high-resolution images within a few min of the observed injection for 6 of these 9 injections.
[26] Thus, we see an auroral onset within ±5 min of the injection for 93 (87 + 6 events), or $88% of the 105 injections. If we include cases with up to 10 min timing difference, the percentage becomes 97% (87 + 9 + 6). While 
Conclusion
[27] It has been an issue to understand how substorm activity relates to geomagnetic activity during HILDCAA events. This directly leads to the question of the nature of the repetitive particle injections during HILDCAA intervals. This work has primarily focused on statistical evaluation of the contribution of substorms to the particle injections. For this study, we have analyzed LANL electron flux data and global aurora images observed by the IMAGE WIC for HILDCAA intervals during January -July 2003.
[28] For the examined HILDCAA intervals, we have identified a total of 481 injection events. Good WIC imaging was available for 121 of these, showing that all the 121 injections are accompanied by some auroral activity. For 16 events, a lack of a near-midnight LANL spacecraft prevented determination of exact injection times, leaving us with a total of 105 events for comparison with the auroral data. With the substorm onset list by Frey and Mende [2006] , we identified a substorm onset brightening within ±5 min for 87 injections, and 5 -10 min for 9 injections. With high-resolution WIC images, we further identified a substorm onset within a few min of the injection for 6 of the remaining 9 injections. Thus we find that 93 of the 105 injections ($88%) occurred within ±5 min of a substorm auroral onset. If we include cases with up to 10 min timing difference, the percentage becomes 97%. While various other substorm indicators could be used to examine particle injections that did not have good imaging available, the large percentage of substorm onsets identified using the WIC images makes such further analysis unnecessary for reaching the conclusion that the large majority of repetitive particle injection during HILDCAA events are associated with substorm onsets.
[29] It is apparent that the HILDCAA-time repetitive particle injections are related to Alfvénic fluctuations in IMF Bz, and that the northward turnings of the Alfvénic IMF can be an important trigger for the substorms associated with these injections [Lee et al., 2006] . These substorms likely moves plasma sheet particles toward the inner magnetosphere, so that the repetitive particle injections associated with the substorm onsets may contribute to the prolonged small negative Dst index. However, enhanced earthward convection during the repetitive southward periods of the Alfvénic IMF is also a likely contributor to the prolonged small negative Dst during these events. Thus both the enhanced convection and the repetitive substorms driven by the Alfvénic waves within the high-speed streams may be an important component for the HILDCA-time geomagnetic activity while the relative importance of the two needs to be understood.
